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        u(r) = (a/r)12 - (b/r)6

      H bond  = Gaussian
   NPT Monte Carlo
 Nonpolar solute:



MB ‘Ice” MB ‘Liquid’
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Anomalous Properties of Water
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MB Model Experiments



The Hydrophobic Effect 

Water Oil

Thermal Behavior of Nonpolar Transfers



Hydrophobicity:
Temperature Dependence

MB Model Experiments
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Hydrophobic Heat Capacity
Cold Water Hot Water

Solute Orders Water
−TΔS >> 0

Solute Disorders Water
ΔH >> 0



Orientational Preferences Decrease 
with Temperature

Solute-Water Water-Water



First-Shell Water Orientations
Depend on Solute Size

Hydrogen Bond Angle (Degrees)
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Hydrophobic Solutes
Properties Differ: Large vs. Small
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Free Energy of Transfer:
Mechanism Changes with Solute Size
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Small Ions Order Water.
Large Ions Disorder Water.
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MB + Dipole  Water Model
for Ion Solvation
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Chaotropes & Kosmotropes
Theory Experiment
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Small Ions Order Water
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Small Cations & Large Anions
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Water Around Ions
Electrostatic Ordering Around Small Ions

F



Water Around Ions



Water Around Ions
Hydrophobic Ordering Around  Large Ions



Water Around Ions

Li+

Electrostatic Ordering Around Small Ions



Water Around Ions

Na+



Water Around Ions



The Hofmeister Series of Ions
−Log (Relative Solubility)
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Hofmeister Effect:
 Hydrophobes Excluded from Ion Shell
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3-State 3-Water (3S3W)Model

Cagelike Dense Open
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Partition Function

∆cell = Σ exp[−βPvj]∫∫∫dxBdyBdθ exp[−βuj]
j=1

3

 ∆  = 
(∆cell)N

N !



Partition Function
∆cell(T ,p ,N )  = 2πd2c (T )N  {g1α1e−εHB/(kT ) + α2e−εD/(kT ) + g3α3}

µ  = −(kT/N ) ln∆ v (T ,P )  = −(∂µ/∂p )T

g1 =   kT/(πks)  erf (   π2ks/(9kT ) )√ √

α1 = e [−p (3  3d2/4)]/(kT ) ]
√

α2 = e [−p (2+  3)d2/(4kT ) ]
√

g3α3 = (kT/pd2)e {−1+ [p (2+  3)d2]/(4kT ) }
√



Anomalous Thermodynamics of Water

Theory Experiments
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Phase Diagram of Water
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A Phase Transition in
Supercooled Water

PG DeBenedetti, Metastable Liquids, Concepts and Principles, 1996 
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Supercool Transition:
Melting Cages to Dense Liquid
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